Aim: To investigate whether fluvastatin is able to ameliorate the impaired cardiac function or baroreflex sensitivity (BRS) in rats with type 1 diabetes. Methods: Type 1 diabetic rats were induced by intraperitoneal injection of streptozotocin (STZ) and then administered fluvastatin (1.5, 3.0, and 6.0 mg·kg -1 ·d -1 ) for 30 d. Food and drink intake was recorded every day. Fasting blood glucose (FBG) level, blood lipid level, cardiac function and BRS were measured in diabetic rats after fluvastatin treatment for 30 d. Results: The polydipsia, polyphagia and abnormal biochemical indexes of blood were significantly ameliorated by the the 3.0-and 6.0-mg doses of fluvastatin in STZ-induced diabetic rats. FBG was decreased in diabetic rats after fluvastatin treatment for 30 d. The left ventricular systolic pressure (LVSP) and the maximum rate of change of left ventricular pressure in the isovolumic contraction and relaxation period (±dp/dt max ) were elevated, and left ventricular diastolic pressure (LVEDP) was decreased by fluvastatin. The attenuated heart rate responses to arterial blood pressure (ABP) increase induced by phenylephrine (PE) and ABP decrease induced by sodium nitroprusside (SNP) were reversed by the 3.0-mg dose of fluvastatin. Conclusion: Fluvastatin regulates blood lipid levels and decreases the FBG level in diabetic rats. These responses can protect the diabetic heart from complications by improving cardiac function and BRS.
Introduction
Diabetic heart complications influence the prognosis of patients and are the main reason for the high mortality of diabetic patients [1] . A number of studies have reported that diabetes mellitus (DM) leads to autonomic neuropathic dysfunctions, including impairment of the baroreflex control of heart rate (HR) in both diabetic patients and chemically induced diabetic rats [2, 3] . Impairment of the baroreflex sensitivity (BRS) underlying the diabetic state was closely related to lifethreatening arrhythmias, heart failure and sudden death [4, 5] . Hypoglycemic agents, such as thiazolidinediones (TDs), which are the most common drugs used for DM, mainly ameliorate insulin resistance and regulate lipid metabolism. Therefore, it is necessary to find drugs that will relieve the impairment of BRS to prevent further cardiac complications in diabetic patients.
It is known that inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), the rate-limiting enzyme in cholesterol synthetic pathways, will reduce the release of cholesterol into the blood in the form of very low density lipoprotein [6] . Fluvastatin, an HMG-CoA reductase inhibitor, which is the first wholly synthetic statin on the market, has been widely used as a classic lipid-regulating drug to treat hypercholesterolemia [7] . The advantages of fluvastatin, compared to other statins, are as follows: fluvastatin is well tolerated [8, 9] , substantial benefits of fluvastatin have been confirmed in clinical trials [10] , and fluvastatin is more cost effective for long-term treatment [11] . Beyond its regulation of blood lipids, the antiatherogenic, antithrombotic and antioxidative actions of fluvastatin have been used to prevent cardiovascular disease [12] . As shown in previous studies, fluvastatin was found to reduce the increased incidence of long-term adverse complications associated with diabetes [13] . Other roles of fluvastatin in diabetic treatment have also been reported, such as ameliorating cardiac sympathetic neural dysfunction in association with the attenuation of increased myocardial oxidative stress; preventing left ventricular remodeling by reducing myocardial fibroInfluence of fluvastatin on cardiac function and baroreflex sensitivity in diabetic rats [14, 15] . Although various functions of fluvastatin have been studied in the treatment of diabetes, whether it plays a role in ameliorating impaired BRS is unknown.
In this work, the BRS measured with baroreflex control of HR and other parameters, biochemical indexes of blood and cardiac function were examined in streptozotocin (STZ)-induced diabetic rats to evaluate the effects of fluvastatin. We found that fluvastatin could effectively preserve impaired BRS in diabetic rats. Moreover, it shows promise in the development of improved drugs to address the adverse cardiac complications associated with diabetes.
Materials and methods

Chemicals
Fluvastatin was purchased from Novartis Pharma (Beijing, China). STZ was obtained from Sigma-Aldrich (St Louis, MO, USA). Adrenaline was obtained from Shanghai Harvest Pharmaceutical Co, Ltd (Shanghai, China). Sodium nitroprusside was acquired from Shanghai No 1 Biochemical and Pharmaceutical Co, Ltd (Shanghai, China). All other chemicals were of analytical grade from local suppliers.
Animals
Male Wistar rats (n=34, weight 220-260 g, age approximately 3-4 months) were obtained from the Animal Center of the Second Affiliated Hospital of Harbin Medical University (Harbin, China) and housed at 23±1 °C with 55%±5% humidity and a 12-h light-dark cycle. The use of these animals was in accordance with the regulations of the ethics Committees of Harbin Medical University (No HMUIRB-2008-06).
Establishment of a diabetic model DM was induced in the 28 randomly chosen rats by intraperitoneal (ip) injection of 40 mg·kg -1 of streptozocin (STZ) in a 0.1 mol·L -1 citrate buffer solution (pH 4.2) each day for 2 d after fasting for 12 h. The FBG level was measured using a Grace glucometer (Grace Medical, Inc, USA) from the tail vein 72 h after the final injection of STZ. Twenty-four of the STZinduced rats with a FBG ≥16.7 mm were used as established DM models.
Group treatment
Twenty-four rats with DM were randomly divided into four groups with six rats per group as follows: diabetes mellitus (DM), DM with a high dose of fluvastatin (6.0 mg·kg -1 ·d -1 ) (DM+FH), DM with a middle dose of fluvastatin (3.0 mg·kg -1 ·d -1 ) (DM+FM) and DM with a low dose of fluvastatin (1.5 mg·kg -1 ·d -1 ) (DM+FL). Fluvastatin was intragastrically administered for 30 d after confirmation of DM with the different doses described previously. The other six healthy Wistar rats were used as a control group (Ctr) and were treated with the same quantity of vehicle (citrate buffer) and 0.9% NaCl.
Measurement of food and drink intake
From the beginning of fluvastatin administration, the food and drink intake for all animals was recorded every 24 h for 30 d. The average food and drink intake for each group was determined by dividing the total amount of food and drink consumed by the total number of rats in each group.
Biochemical indexes of blood
After 30 d of fluvastatin treatment, the FBG level was measured from the tail vein using a Grace glucometer after a fasting period of 12 h. Following cardiac function and BRS studies, blood samples were collected from the heart and then separated to analyze for total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL), free fatty acids (FFA) and malondialdehyde (MDA), using the appropriate kit (Shanghai Rongsheng Biotech Co, Ltd, China) for each test.
In vivo cardiac function studies After determination of FBG level from the tail vein, all rats from each group were anesthetized with sodium pentobarbital (40 mg·kg -1 ) via ip injection. Cardiac function was calculated as previously described [16] ; briefly, the catheter was inserted into the left ventricle via the right common carotid artery to record cardiac electrophysiologic parameters. Arterial blood pressure (ABP), heart rate (HR), left ventricular systolic pressure (LVSP), left ventricular diastolic pressure (LVEDP) and the maximum rate of change in left ventricular pressure in the isovolumic contraction or relaxation period (±dp/dt max ) were measured using a BL-420 Data Acquisition & Analysis System (Chengdu Tme Technology Co, Ltd, China).
Surgical procedure
After cardiac function studies were completed, the surgery proceeded on all rats from the Ctr, DM and DM+FM groups. These rats were anesthetized with an ip injection of sodium pentobarbital (40 mg·kg -1 ). The surgical procedure was in accordance with previous studies [17] [18] [19] . Briefly, supplemental doses of anesthetics (0.1 mL of 1% sodium pentobarbital) were administered every 30 min to prevent eye blinking and pedalwithdrawal reflexes. The tips of polyethylene-50 catheters were tapered to a diameter of 0.5 mm. After the exposure of the femoral artery (left) and the femoral vein (right), the tapered tips of two catheters filled with heparinized saline were then inserted into the femoral artery and vein. Vasoactive drugs were injected into the femoral vein, and blood pressure was measured in the femoral artery.
Baroreflex sensitivity
The blood pressure catheter was connected to a blood pressure transducer (MlT0699; AD Instruments, Australia) placed in a horizontal position level with the heart. ABP was measured automatically using the BL-420 Data Acquisition & Analysis System. HR was calculated from pulse pressures using the Ratemeter function. Phenylephrine (PE) or sodium nitroprus- and mean ABP (MABP) changes relative to the ABP baseline level (ΔMABP) induced by injection of PE or SNP were recorded and analyzed. The averaged ratio of the HR change over the MABP change (ΔHR/ΔMABP) was used to evaluate the baroreflex sensitivity (BRS) for each dose of each drug given. Dose-dependent curves for ΔMABP and ΔHR/ΔMABP as functions of PE and SNP concentration were plotted for each group. Curves of ΔHR-ΔMABP were also plotted to display the maximal HR responses induced by MABP changes. The Boltzmann equation in Prism 5.0 software (GraphPad Software Inc, San Diego, CA, USA) was used to fit all curves [17, 20] .
Statistical analysis
Data were analyzed using one-way ANOVA, and P<0.05 was considered statistically significant. Data were expressed as mean±SEM. Different baseline MABP and HR were compared for the divided groups using Student's t-tests.
Results
Effects of fluvastatin on food and drink intake After the initial fluvastatin administration, the average food and drink consumption for rats in each group were recorded each day (Figure 1 ). The results demonstrate that both food and drink consumptions were greatly increased in the diabetic rats until a steady dose-dependent decrease in consumption occurred after approximately 12 d of fluvastatin treatment in DM rats. Polydipsia and polyphagia were remarkably improved in the DM+FM and DM+FH groups (P<0.05).
Effects of fluvastatin on biochemical indexes of blood Thirty days after the establishment of the STZ-induced DM rats, TC, TG, LDL, FBG, FFA, and MDA were significantly increased, while HDL was decreased (Table 1 ). This suggests that after 30 d of treatment, fluvastatin effectively improved TC, TG, HDL, LDL, and FBG in a dose-dependent manner.
However, only slight changes in FFA and MDA were observed in all of the groups.
Effects of fluvastatin on cardiac function
The LVSP was significantly decreased in the DM group compared with the Ctr group (Figure 2A; 14.87±0.25 kPa and 11.63±0.22 kPa for Ctr rats and DM rats, respectively; LVEDP sharply increased in the DM rats (0.32±0.05 kPa) compared with the Ctr rats (-0.82±0.08 kPa; P<0.05). As shown in Figure 2C , LVEDP in the DM+FL (-0.20±0.04 kPa) and DM+FM (-0.45±0.07 kPa) rats experienced a substantial decrease compared with the DM rats (P<0.05). However, the DM+FH rats did not show significant improvement in LVEDP (0.26±0.07 kPa; P>0.05).
The -dp/dt max , an indicator of diastolic function, was significantly impaired in the DM rats compared with the Ctr rats ( Figure 2D; - Baroreflex control of heart rate during phenylephrine admini stration MABP was gradually raised by doses of PE in the Ctr, DM, and DM+FM rats ( Figure 3A, 3B, and 3C) . Meanwhile, the dose-dependent curves used to assess the maximal ΔMABP over various PE doses are shown in Figure 3D . The magnitude of the increase in ΔMABP following PE injection appeared less significant for all doses in the DM rats when compared to the Ctr rats (P<0.05); this is consistent with previous studies [20, 21] . This decrease was dramatically alleviated in the DM+FM rats (P<0.05). For example, the 256 µg·mL -1 dose of PE caused the ΔMABP to collapse to 29.42±3.54 mmHg in the DM rats compared with 48.99±3.79 mmHg in the Ctr rats (P<0.05), and it was greatly improved to 43.61±4.46 mmHg in the DM+FM rats (P<0.05).
To estimate the BRS, the ΔHR/ΔMABP ratio was depicted as an index. As shown in Figure 3E , with the increase in the PE dose, the ΔHR/ΔMABP displayed an increasing trend for all of the groups, although the margins of the increases varied. Of note, the ΔHR/ΔMABP value was significantly increased in the DM rats as compared to the Ctr rats at every dosage level of PE (P<0.05). The middle dose of fluvastatin caused the variation to diminish (P<0.05). For instance, at the dose of 256 μg·mL -1 of PE, the middle dose of fluvastatin reversed the increased ΔHR/ΔMABP value from 2.22±0.11 beats·min -1 ·mmHg -1 in the DM rats to 1.91±0.13 beats·min -1 ·mmHg -1 in the DM+FM rats; this was a partial recovery when compared with the Ctr rats (1.74±0.11 beats·min -1 ·mmHg -1 ). The maximal HR responses at steady state to the maximal changes of MABP induced by different doses of PE and ΔHR were plotted as functions of ΔMABP ( Figure 3F ). The curves were fit using the Boltzmann equation after maximal ΔHR and ΔMABP were averaged at the different PE doses within each group [22] . As expected, the maximal ΔHR in response to the maximal ΔMABP was reduced in the DM rats (31.42 mmHg) compared with the Ctr rats (43.98 mmHg), and this reduction could also be seen in the DM+FM rats (40.58 mmHg).
Baroreflex control of heart rate during sodium nitroprusside admini stration The decrease of MABP was induced by SNP in a dose-depen- Figure 4A , 4B, and 4C. Furthermore, the ΔMABP dose-dependent curve in the DM and the DM+FM rats for each dose of SNP appeared similar to that of the PE curves. The ΔMABP was decreased in the DM rats compared with the Ctr rats, and this decrease was partly recovered by adminis- No significant changes in the ΔHR/ΔMABP were noted in the Ctr rats, and only a slight increase in ΔHR/ΔMABP was detected with the increase in SNP administered to the DM and the DM+FM rats ( Figure 4E) . However, the ΔHR/ΔMABP value was marginally increased with the same dose of SNP administered to the DM rats compared to the Ctr rats. Meanwhile, the ΔHR/ΔMABP value of the DM+FM rats was located between that of the other two groups. When 160 μg·mL -1 of SNP was given to rats in all of the groups, the ΔHR/ΔMABP increased from 0.17±0.03 beats·min -1 ·mmHg -1 in the Ctr rats to 0.30±0.05 beats·min -1 ·mmHg -1 in the DM rats and 0.25±0.03 beats·min -1 ·mmHg -1 in the DM+FM rats. It should be noted that the response of the maximal ΔHR to the maximal ΔMABP displayed a sharp decrease in the DM rats (19.54 mmHg) compared with the Ctr rats (57.02 mmHg). Similarly, the middle dose of fluvastatin reversed this effect, resulting in a value of 50.54 mmHg ( Figure 4F ).
Discussion
The type 1 diabetic model has been successfully established by the intraperitoneal injection of STZ in Wistar rats. Our studies have shown that food and drink consumption began to decrease in a dose-dependent manner in the DM rats after approximately 12 d of fluvastatin treatments, particularly in the DM+FM and the DM+FH groups. This phenomenon undoubtedly indicates that fluvastatin could ameliorate polydipsia and polyphagia, which are typical symptoms of DM.
As predicted, in the DM rats the levels of TC, TG, and LDL were significantly reduced, but the HDL level was increased by fluvastatin. However, the FFA and the MDA were slightly decreased by any dose of fluvastatin in the DM rats. These results demonstrate that fluvastatin can dramatically regulate blood lipid, and the mechanism has been well documented [6, 7] . These are the main reasons that fluvastatin is used to treat diabetic patients with hyperlipemia. The FBG level in the DM+FM and the DM+FH rats dropped significantly; however, the low dose of fluvastatin did not achieve this effect. It is reasonable to presume that regulating blood lipid and improving insulin sensitivity may contribute to the hypoglycemic effect of fluvastatin. Therefore, if the underlying mechanisms for the effect of fluvastatin identified in clinical trials could be determined, diabetic patients using fluvastatin would not only pay attention to its classic lipid-regulating effect but also benefit from its hypoglycemic action.
In this study, impaired cardiac function was confirmed in the DM rats by the following parameters: LVSP, LVEDP, and ±dp/dt max . Nevertheless, fluvastatin could partially reverse the impairment of both contractile and diastolic functions in a dose-independent manner; however, the middle dose rather than the high dose of fluvastatin was significantly more effective in improving cardiac function in the DM rats. The DM+FH rats suffered severe rhabdomyolysis-toxicity of the skeletal muscle due to RhoA dysfunction following the loss of lipid modification with geranylgeranyl pyrophos phate [23, 24] .
Consequently, it was reasonable to presume that pain caused by severe rhabdomyolysis may contribute to the negative impact on cardiac function seen in the DM+FH rats. It is known that primary myocardial defect and BRS impairment may both underlie the impaired cardiac function of diabetic patients. According to recent studies, fluvastatin can reduce myocardial fibrosis and exert a direct anti-atherosclerotic action on the arterial wall, which may improve cardiac function in an experimental model of diabetic cardiomyopathy [12] .
All the facts addressed above may contribute to the amelioration of the primary myocardial defect that accompanies fluvastatin administration in DM rats. Consequently, it is important to determine whether fluvastatin could improve impaired BRS and lead to an improvement in cardiac function.
The optimal dose of fluvastatin is 6.0 mg·kg -1 ·d -1 (the middle dose) and was chosen for the BRS study based on the following observations: the middle dose of fluvastatin exerted the most obvious effect according to cardiac function analysis; the blood lipid and the FBG were significantly regulated in both the DM+FM and the DM+FH rats; the middle dose of fluvastatin was equal to the clinical dosage amount; and the DM+FH rats suffered severe rhabdomyolysis, suggesting that clinical application of high-dose fluvastatin may result in severe side effects.
Our results showed that fluvastatin could reverse the decreased ΔMABP caused by DM when various dosages of PE and SNP were administered. Interestingly, the increase of ΔHR/ΔMABP, an indicator of BRS, was greater in DM rats compared with Ctr rats in response to PE and SNP injections. This result is not consistent with those of some DM models, which may be largely attributed to the different time course of development for diabetes (ie, 12, 24, and 48 weeks): metabolic disorders caused by a hyperglycemic state or insulinopenia may be related to time-dependent changes in parasympathetic and sympathetic control [25, 26] and different osmotic diuresis after the DM model was established [27, 28] . In addition, discrepancies in species, experimental design and diabetic inducer may also affect the results to some extent [29, 30] . However, our results are consistent with the findings of Jackson and colleagues [31] that blood pressure responses to vasopressor agonists were depressed in STZ-induced DM rats while the baroreceptor reflexes in these rats were more sensitive to increases in blood pressure. Our experiments were similar to those of Jackson and colleagues in a number of ways, including HR changes to the altered arterial pressure (AP) used to evaluate the BRS of the STZ-induced short-term DM rates used in both studies. As the variable factors above lead to different BRSs, yet were equal in these two studies, the identical changes of BRS testify to the reliability of our study. Of note, the authors examined the BRS in the conscious state rather than in the anesthetized state as we did in our study. Previous studies have used conscious animals because anesthesia inhibits the baroreflex function and causes difficulties www.chinaphar.com Xie F et al Acta Pharmacologica Sinica npg in recording changes of the BRS under different stimuli [32, 33] . In our study, despite the possible inhibition of the baroreflex function caused by anesthesia, changes of the BRS were still obvious following various doses of injected PE and SNP. Furthermore, the comparison of our results with those of Jackson revealed that different states did not result in any evident discrepancies in BRS changes. Therefore, using anesthetized rats to evaluate the influence of fluvastatin on cardiac function and BRS is rational and clinically significant. Regardless of the unexpected ΔHR/ΔMABP changes, fluvastatin still decreased the ΔHR/ΔMABP increase back to the level of that in Ctr rats. Furthermore, the maximal HR responses to the maximal changes of MABP induced by various doses of PE or SNP were used as another indicator to estimate BRS. It can be concluded that fluvastatin could improve the significantly decreased maximal HR responses to the maximal changes of MABP in STZ-induced DM rats. According to recent reports, statins, including fluvastatin, exert a positive influence on the cardiovascular system not only by regulating blood lipids but also in a cholesterol-independent manner [34, 35] . Tawfik et al demonstrated that simvastatin, a drug similar to fluvastatin, prevented impaired coronary endothelial cell-dependent vasorelaxation in 4-week STZ-induced diabetic rats [36] . Moreover, statins up-regulated neuronal nitric oxide synthase (nNOS) expression in the rostral ventrolateral medulla (RVLM), a vasomotor center in the brainstem, down-regulated sympathetic nerve activity and achieved an improvement in the BRS [37] . The nNOS mechanism responded relatively quickly and led to an improved BRS after 30 d of fluvastatin treatment. As discussed above, the exact mechanism by which fluvastatin was able to improve impaired BRS requires further study.
In our study, fluvastatin significantly ameliorated the impaired cardiac function and BRS in STZ-induced type 1 DM rats. The results were consistent with previously observed positive effects of long-term fluvastatin treatment in patients with coronary heart disease or undergoing coronary intervention [38] [39] [40] . Because the parasympathomimetic activity reflected by the baroreflex activity in turn exerts an antiarrythmogenic effect counteracting the proarrhythmic effect of the sympathetic nervous system, the fluvastatin-ameliorated BRS can contribute to a reduction in cardiac mortality [38] [39] [40] [41] . Undoubtedly, these findings will result in increased interest in the use of fluvastatin to treat diabetic patients with cardiac complications, and the mechanisms behind these effects deserve further study.
